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Introduction
Low-density residential development in rural areas-or exurbanization-is the most common and fastest growing form of land use change in the United States today, proceeding at several times the pace of urbanization and suburbanization combined and occupying nearly 15 times the total land area . Moreover, exurban development is often disproportionately concentrated within or around protected lands and other areas of high conservation importance (Wade and Theobald 2009; Radeloff et al. 2010) . Unlike many other land uses, exurban development leaves most of the surrounding landscape physically unchanged, giving the perception that its effects on biodiversity are minimal (Maestas et al. 2001) . In actuality, however, there is mounting evidence linking exurbanization to significant alterations in wildlife community composition and biotic integrity (e.g., Glennon and Porter 2005; Glennon and Kretser 2013; Wood et al. 2014) .
Exurban homes occupy several acres at the parcel level, resulting in a considerably greater per capita spatial footprint than the higher-density residential development of urban and suburban areas. Another important difference between exurbanization and these other forms of development is that the former leaves the surrounding matrix in its original ecosystem type (Maestas et al. 2001; Odell and Knight 2001) . In exurbia, houses are imbedded at low densities within an otherwise largely intact, contiguous forest or other habitat type; the reverse occurs in suburbia and cities, where habitat islands are often isolated within a matrix of development, having lost many of the properties of the original system. As such, it is uncertain to what extent the well-documented impacts to birds and other wildlife from habitat loss and fragmentation associated with suburban and urban development can be generalized to exurbia.
Most studies of the effects of exurbanization on wildlife have examined patterns in diversity, abundance, and community composition (e.g., Glennon and Porter 2005; Suarez-Rubio et al. 2011 Glennon and Kretser 2013; Lumpkin and Pearson 2013) . Although it is important to understand how exurban development alters these properties of surrounding biological communities, such metrics provide poor information about habitat quality, and they fail to indicate how the fitness of individuals and their populations are affected (Van Horn 1983; Bock and Jones 2004; Johnson 2007) . This is particularly so in human-modified environments, where maladaptive habitat selection and ecological traps are common (Schlaepfer et al. 2002; Battin et al. 2004; Robertson and Hutto 2006) . A comprehensive evaluation of the response of wildlife to environmental change is best achieved by considering all three primary levels of biological organization: community, population, and individual (e.g., Frankel 2001; Pidgeon et al. 2006) .
The goal of our study was to investigate potential individuallevel impacts of exurban development to wildlife by comparing the physiological condition of a forest songbird, the ovenbird (Seiurus aurocapilla), breeding in areas of the Adirondack Mountains, New York, with and without exurban housing development. An animal's physiological condition is critical to its fitness and survival and can provide sensitive signals of change in habitat quality (Wikelski and Cooke 2006; Cooke et al. 2013) . Exurban homes in the Adirondacks have been shown to cause significant shifts in bird community structure, usually with generalist and edge species increasing in abundance at the expense of more sensitive, forest interior species (Glennon and Kretser 2013; Glennon et al. 2014) . Similar responses of bird communities to exurban housing development have been observed in California (Merenlender et al. 2009 ), Montana (Glennon et al. 2014) , New England (Kluza et al. 2000) , the mid-Atlantic (Suarez-Rubio et al. 2013) , and elsewhere across the United States (Wood et al. 2014) . However, while many species are displaced by the construction of a new home, some species that are typically considered to be sensitive to forest fragmentation and anthropogenic disturbance-such as our model organism, the ovenbird (Porneluzi et al. 2011 )-will often remain in the wake of the development and continue to inhabit the area (Kluza et al. 2000; Glennon and Kretser 2013) . Despite their continued presence within forest habitats surrounding exurban homes, these species may still experience adverse impacts to their condition, reproductive success, or survival that would go undetected by studies of community-level variables.
We compared five common physiological condition indices in male ovenbirds breeding in areas of the Adirondacks with low-density housing development with those inhabiting large tracts of contiguous forest nearby in order to investigate the impacts of exurbanization on forest wildlife at the individual level. Specifically, we used hematocrit (HCT) volume and plasma triglyceride (TRIG) levels to assess energetic condition (Mazerolle and Hobson 2002b; Masello and Quillfeldt 2004; Kilgas et al. 2006) , plasma uric acid (UA) and total plasma protein (TPP) levels to assess diet quality (i.e., dietary protein content; Brown 1996; Smith et al. 2007) , and heterophil to lymphocyte ratios (H∶L) to measure chronic stress (Ruiz et al. 2002; Suorsa et al. 2004; Owen et al. 2005; Davis et al. 2008) . If woodlands surrounding exurban homes provide poorerquality habitat and present more physiologically demanding conditions than intact forest, birds breeding near houses would be expected to exhibit lower levels of HCT, TRIG, UA, and TPP and higher H∶L ratios.
Material and Methods

Study Area
New York State's Adirondack Park is approximately 25,000 km 2 and is the largest protected area in the contiguous United States (Jenkins and Keal 2004) . The topography is mountainous (elevations range approximately 400-1,200 m), and the dominant land cover types are northern hardwood, mixed hardwood-conifer, and boreal forests. The Adirondack Park is uniquely composed of a mixture of public and private land, with nearly 60% of the park privately owned and hosting more than 135,000 full-time residents and 250,000 second-home owners. Hundreds of new houses are approved for development in the park each year (Jenkins and Keal 2004) . This rapid, lowdensity residential growth makes the Adirondack region an ideal system in which to examine the biological impacts of exurban development.
Our study sites for both treatment types (i.e., houses and reference forests with no houses) were in the northeastern region of the Adirondack Park in the municipalities of Keene, Keene Valley, Lake Placid, and Saranac Lake (Essex County). We captured ovenbirds opportunistically at a subset of the houses currently included in an ongoing, separate study of the ecological and sociological mechanisms underlying the effects of exurban development on bird and mammal community composition in the Adirondack Park (National Science Foundation BSC-1060505; also see Glennon et al. 2014) . These houses were originally selected on the basis of having lot sizes of 2-40 acres (a common definition of exurban [Theobald 2001 [Theobald , 2005 ), appropriate surrounding habitat for the study species (mature hardwood or mixed forest), landowner permission to access the property, and the presence of potential reference areas nearby. The houses around which we captured ovenbirds are located within five areas zoned for low-density residential subdivision, and we treated each house as an independent unit because of the large degree of variation in parcel size, house size, lawn size (and other measures of landscaping intensity), levels of human activity (e.g., full-time vs. part-time residents), and other characteristics among properties. For comparison to ovenbirds nesting near houses, we captured ovenbirds at six reference areas also used by Glennon and Kretser (2013) and Glennon et al. (2014) that are undeveloped, have low levels of human activity, and are protected as New York State Forest Preserve lands. Reference areas were chosen by identifying the closest areas of accessible undeveloped land of the same habitat type as the housing sites and of sufficient size to contain interior forest far from houses and roads. The longest distance between any houses or reference areas is 36.2 km, while the shortest is 1.5 km (one a housing site and the other a reference area in both cases). Sugar maple (Acer saccharum) and American beech (Fagus grandifolia)-and, to a lesser extent, birches (Betula spp.)-are dominant trees among our housing and reference areas, and tree density, size, and canopy cover are also similar (M. Glennon, unpublished data). The primary difference between the two treatment types is therefore the presence or absence of houses and their associated infrastructure (e.g., access roads, driveways, utility lines).
At sites with houses, we attempted to capture only ovenbirds that were heard singing within an estimated 200 m, on the basis of the findings of Glennon and Kretser (2013) that the influence of exurban homes on bird community composition in the Adirondack Park extends up to 200 m from the edge of the lawn into the surrounding forest. Likewise, we attempted to capture only birds at reference sites that were heard singing well beyond 200 m from any house or road. Global positioning system coordinates were recorded in the field for each capture location, and distances to nearest houses and roads were subsequently measured using Google Maps.
Bird Capture and Blood Sampling
All birds used in the study were captured between 0600 and 1230 hours Eastern Standard Time, June 6-16 (the peak period of active nesting for ovenbirds in the area), 2012 and 2013, using a playback recording and mist net set up in the vicinity of a singing male. Up to 150 mL of blood was collected by brachial venipuncture with a 26-gauge needle into heparinized capillary tubes immediately following capture. An additional bead of blood was then used to prepare a smear on a microscope slide for measurement of H∶L (during 2013 only). After collecting blood, we banded each bird with a U.S. Geological Survey aluminum leg band and measured unflattened wing length (to 1 mm) and body mass (to 0.1 g on a digital balance). Birds were aged as second year or after second year on the basis of plumage (Pyle 1997 ) and then released. Bird capture and blood sampling was authorized by the U.S. Department of the Interior (banding permit 23755) and the New York State Department of Environmental Conservation (license to collect and possess banding 114).
Capillary tubes were centrifuged for 10 min, and smears were fixed in absolute ethanol and stained using the Protocol Hema 3 Stat Pack (Fisher Scientific, Kalamazoo, MI) at the end of each day. HCT volume was measured in the centrifuged capillary tubes with digital calipers to 0.1 mm and expressed as the proportion of whole blood volume. The plasma was transferred to 0.6-mL cryogenic tubes and stored at 2207C for up to 2 wk until the end of the field season. Plasma samples were then overnight shipped to the Rochester Institute of Technology (Rochester, NY) and stored at 2807C for up to 6 mo until analysis.
Condition Indices
HCT, the proportion of packed red cells to whole blood volume, is a widely reported hematological indicator of overall health in field studies of birds (Brown 1996; Fair et al. 2007; Garvin et al. 2008; Milenkaya et al. 2013) , likely in part because of the simplicity of its measurement. Generally, HCT increases with oxygen carrying capacity and decreases with infection intensity, malnutrition, and starvation. However, HCT may also rise as a result of dehydration, and the aforementioned patterns are not always consistent, making HCT difficult to interpret and often discounted as a reliable condition index (Dawson and Bortolotti 1997; Cuervo et al. 2007; Fair et al. 2007; Lill et al. 2013 ). Use of HCT as a sole indicator of condition is not recommended (Fair et al. 2007) . TRIG reflects the rate of absorption and transport of dietary or de novo synthesized lipids through the bloodstream to adipose tissue and is thereby representative of a bird's recent feeding activity and energetic condition. TRIG is elevated in birds that are in a state of positive energy balance, whereas TRIG is depressed in birds that are underfed and losing body mass (Jenni-Eiermann and Jenni 1994; Cerasale and Guglielmo 2006) . TPP (the total amount of globulin, albumin, and other proteins in avian blood plasma) increases in relation to dietary protein content (Levielle and Sauberlich 1961) and is therefore commonly used as an indicator of diet quality and nutritional status (Gavett and Weakley 1986; Brown 1996; Mazerolle and Hobson 2002b; Schoech and Bowman 2003; Milenkaya et al. 2013) . We also assessed diet quality by measuring UA, a blood plasma metabolite that also increases along with dietary protein content (Machín et al. 2004; Smith et al. 2007 ). Heterophils and lymphocytes are white blood cells that increase and decrease, respectively, in response to immune challenges and in concert with elevated corticosterone levels. Their ratio, H∶L, is therefore considered indicative of infection and chronic stress in birds (Ruiz et al. 2002; Suorsa et al. 2004; Owen et al. 2005; Davis et al. 2008) . In addition to these hematological parameters, we also used body mass-adjusted to body size (wing length) with a scaled mass model (Peig and Green 2009) -to compare the condition of ovenbirds between both treatment types.
Laboratory Analyses
Plasma samples were diluted threefold with 0.9% saline before all analyses to increase sample volume (Guglielmo et al. 2005; Smith and McWilliams 2010) . In cases where sample volumes were still too small to complete all analyses, priority was given to TRIG, followed by UA and then TPP. TRIG was measured using a sequential endpoint microplate assay (Sigma Aldrich), as described by Guglielmo et al. (2005) , and UA was measured by colorimetric endpoint microplate assay (TECO Diagnostics), as described by Smith and McWilliams (2010) . We measured TPP with a Biuret colorimetric endpoint microplate assay (Sigma Total Protein Reagent T1949; Krohn 2001) . A chicken plasma pool was run on each microplate to assess inter-assay Physiological Impacts of Exurban Development on Songbirds 000 variation for all assays. All samples and standards were run in duplicate wells, and sample measurements were repeated until the coefficient of variation between two replicate wells was !10%. We used a compound light microscope at #1,000 magnification under oil immersion to examine the blood smears and calculate the ratio of heterophils to lymphocytes out of 100 total randomly selected leukocytes (Campbell 1995) . All counts were performed by the same observer.
Statistical Analyses
We used general linear models with a backward selection procedure (a p 0.1) to explore variables besides treatment type that may also contribute to variation in the physiological condition indices. The additional variables examined included capture time, time elapsed between capture and blood sample collection (bleed time; excepting H∶L because of no biological reason to expect an effect), age (second year, after second year), size-adjusted body mass, and year. We then explicitly compared the physiological condition indices between treatment types using ANCOVA, with variables retained by the general linear models entered as the covariates (Guglielmo et al. 2005; Seewagen et al. 2011 ). All covariates met assumptions of equal variance and homogeneous slopes.
Wing length and size-adjusted body mass were compared between treatment types with t-tests, with data from 2012 and 2013 pooled after confirming there were no differences between years. Age ratios were compared using Fisher's exact test. We ran statistical analyses using SAS and SYSTAT and interpreted results as significant when P ! 0.05, with the exception of the backward selection procedure, where variables were retained when P ! 0.1. UA and H∶L data were log transformed, and HCT data were logit transformed before analyses to meet normality assumptions.
Results
We obtained blood samples from a total of 31 birds near houses and 31 birds from the reference sites (17 birds per treatment type during 2012 and 14 birds per treatment type during 2013).
Final sample sizes for each condition index varied slightly (table 1). Birds at sites with exurban development were captured an average of 86 m (range p 13-165 m) from the closest house. At the reference sites, birds were captured an average of 826 m (range p 351-2,000 m) from the closest house (and an average of 875 m [range p 352-2,400 m] from the closest road), well beyond the maximum home range sizes observed in breeding ovenbirds (Porneluzi et al. 2011) .
Variables retained by the backward selection procedure and included as covariates in the ANCOVAs varied among the condition indices, although neither size-adjusted body mass nor age was retained for any condition index, and bleed time accounted for significant variation in three of the condition indices, despite bleed times being generally short (mean 5 SD p 9 5 2 min). TRIG was positively related to capture time (P ! 0.001) and negatively related to bleed time (P p 0.08) and year (P p 0.06). UA and TPP were negatively related to bleed time (P p 0.003 and 0.04, respectively), H∶L was positively related to capture time (P p 0.07), and HCT was negatively related to year (P ! 0.001).
TRIG did not differ between houses and the reference sites when the effects of bleed time, capture time, and year were controlled for (F 4, 57 p 0.09, P p 0.77; fig. 1 ). There was also no difference between treatment types in UA (F 2, 58 p 0.21, P p 0.65) or TPP (F 2, 53 p 0.01, P p 0.91) when the effect of bleed time was held constant or H∶L when the effect of capture time was held constant (F 2, 24 p 0.01, P p 0.76; fig. 1 ). After controlling for the effect of year, HCT was the only hematological condition index to differ between houses and the reference sites, with birds at the reference sites averaging higher HCT volumes (F 2, 57 p 5.65, P p 0.021; fig. 1 ). Ovenbirds near houses and within reference sites did not differ in wing length (t 1, 60 p 1.17, P p 0.25) or size-adjusted body mass (t 1, 60 p 0.59, P p 0.56). Age ratio also did not differ between treatment types (P p 0.80).
Discussion
Exurban development has been shown to cause significant changes in the abundance and community composition of birds and other wildlife, but few studies have investigated physiological effects, despite their potentially strong influences on survival and population viability and their utility for identifying responses of wildlife to anthropogenic disturbances (Wikelski and Cooke 2006; Busch and Hayward 2009) . Here, we found no evidence to suggest that exurban development in New York's Adirondack Park reduces habitat quality for male ovenbirds in a way that affects their physiological condition. HCT, the least informative and reliable of our five physiological condition indices, was the only one to differ between ovenbirds with nesting territories near houses and those holding territories in large tracts of contiguous forest. Possibly ectoparasites accounted for the difference in HCT between groups (Heylen and Matthysen 2008) , but no birds approached anemic HCT volumes (!35%; Campbell and Ellis 2007) that would indicate significant parasitism, disease, or nutritional stress, and we do not consider the difference in HCT between groups to be reliably indicative of any differences in habitat quality (Dawson and Bortolotti 1997; Fair et al. 2007 ). We also found no difference in age ratio or body size to suggest that habitats in either treatment type were in higher demand or more difficult to acquire and defend. The ovenbird has commonly been used as a model organism to study the effects of forest fragmentation from various sources, including roads (Ortega and Capen 1999) , logging (King et al. 1996; Gram et al. 2003) , energy development (Bayne et al. 2005a (Bayne et al. , 2005b Machtans 2006), agriculture (Bayne and Hobson 2001; Mazerolle and Hobson 2002b) , and urban sprawl (Mancke and Gavin 2000; Frankel 2001; Morimoto et al. 2012) . Responses of ovenbirds to these forms of disturbance have varied, and geographic differences in their area requirements are apparent, but in general, forest fragmentation has been observed to negatively affect ovenbird abundance, pairing success, nest success, fledging success, and overall productivity (reviewed in Porneluzi et al. 2011 ). In an individual-level study similar to ours, however, Mazerolle and Hobson (2002b) found that male ovenbirds breeding in contiguous forest in Saskatchewan, Canada, actually had poorer hematological indicators of energetic condition and chronic stress than those breeding in small forests fragmented by agriculture. The authors reasoned that territory defense in the contiguous forest-where reproductive success and densities of breeding pairs were known to be higher (Bayne and Hobson 2001)-came at a greater physiological cost than holding territories in small forest fragments that were suboptimal (also see Mazerolle and Hobson 2004) . Relative abundance estimates (corrected for detection probability) from bird point counts that were performed at our study sites and additional, similar sites for a separate study did not differ between houses and reference areas (M. Glennon, unpublished data), suggesting that ovenbird density is likely comparable between our treatment types. Mazerolle and Hobson (2002b) found that the ovenbirds in the contiguous forest were also significantly larger, possibly indicating that territories in contiguous forest were in greater demand and acquired by the largest, most dominant individuals. It is important to recognize that an animal's condition may be either a consequence or a determinant of habitat acquisition. We found nothing to suggest that a territorial male ovenbird's condition either determined or resulted from its selection of breeding habitat near houses or in large forested tracts lacking exurban residential development. Body size was not consistently different between treatment types, and in contrast to Bayne and Hobson's (2002) study within an agricultural landscape, we did not find that occupation of contiguous forests was skewed toward adult ovenbirds while first-time breeders (second-year birds) acquired territories mostly in fragmented forest. The degree of forest fragmentation from exurban housing development is extremely minor compared with that caused by agriculture and most other forms of land use change (Maestas et al. 2001; Odell and Knight 2001) and appears to be minimal enough to not affect habitat quality for male ovenbirds in a way that affects their condition.
Mechanisms underlying community-level effects of exurban development on birds in the Adirondacks and elsewhere remain unclear, but as with urban, suburban, and agricultural development, physical alteration of the habitat could be the primary driver. Alternatively, it has been proposed that the presence and behavior of the homeowners (e.g., motor vehicles, outdoor pets, landscaping activities, artificial lighting, and other introduced human disturbances) may be more important than the land development per se (Hansen et al. 2005; Schlesinger et al. 2008) . In any case, we would expect these same factors to affect the physiological condition of birds in addition to their community composition by changing food availability (Burke and Nol 1998) , noise levels (Habib et al. 2007 ), perceived predation risk (Zanette et al. 2011; Newman et al. 2013) , or other important habitat characteristics. Stress levels of forest birds, for example, have been shown to be increased by both fragmentation (Suorsa et al. 2003; Leshyk et al. 2012; Dantzer et al. 2014 ; but see Suorsa et al. 2004 ) and human disturbance (Dietz et al. 2013; Dantzer et al. 2014 ), yet the ovenbirds we studied did not exhibit different H∶L between nesting territories near houses or in intact forest. This suggests that homeowner activities do not significantly change chronic stressors faced by breeding male ovenbirds, although H∶L may not always respond to all forms of chronic stress (Müller et al. 2011 ). Forest fragmentation is sometimes found to reduce arthropod prey biomass for ovenbirds and other songbirds (Burke and Nol 1998; Zanette et al. 2000) but not always (Buehler et al. 2002; Mazerolle and Hobson 2002a) . The comparable levels of TRIG, UA, and TPP that we found between ovenbirds in areas with and without houses suggest that both the availability and the quality of food for ovenbirds is unaffected by exurban development in our study area. Consistent with this finding, Casey et al. (2009) found the abundance of grounddwelling arthropods (the primary food source of ovenbirds) to be unaffected by exurban development in forests of Tennessee. We cannot eliminate the possibility, however, that the male ovenbirds in our study adjusted their provisioning effort to maintain their own condition at the expense of their mate and nestlings.
Although our results indicate that the physical condition and health of breeding male ovenbirds is not affected by exurban development, exurban development may cause other individual-or population-level impacts through lowered reproductive success and survival by attracting and creating favorable conditions for synanthropic species that are common predators of small passerines at the egg, nestling, fledgling, and/or adult stage (e.g., domestic cat [Felis catus], blue jay [Cyanocitta cristata], American crow [Corvus brachyrhynchos]). Indeed, exurban development has been found to result in increased nest predation rates among forest-breeding songbirds in Virginia (Lumpkin and Pearson 2013) and Ontario (Phillips et al. 2005 ). An investigation into nest predation rates and overall nest success in our study sites is currently ongoing. We also caution that it is possible that female and nestling ovenbirdsas well as other species in our study system and elsewhereare more sensitive to exurban development and experience impacts to their condition and health while adult male ovenbirds do not. Further research is needed to better understand the impacts (and underlying mechanisms) of exurban development on wildlife at all levels and ultimately provide conservation practitioners, resource managers, and policymakers with the sciencebased information needed to meet conservation challenges in the face of rising development pressures in exurban areas.
